Abstract-This paper discusses the reliability of textile sensors in wearable monitoring application. A methodology for the validation of new textile electrodes for monitoring subjects in daily activities is proposed. The protocol is divided in 2 phases: a laboratory set of tests to verify the "absolute" reliability of the electrodes; a second set of trials is carried out with subject performing activities of daily living while monitored through wearable systems. A two-lead portable electrocardiograph was used during the experimental protocol. ECG Signals and derived parameters were analyzed to assess signal quality and its processing possibility with respect to standard silver-silver chloride electrodes as reference. The method was applied to a case study to demonstrate applicability and results with silver based textile electrodes.
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I. INTRODUCTION
T he future of health care is based on the development of new technologies and systems for a more accurate, personalized and widespread diagnosis and treatment of pathologies. [I] . In the biomedical engineering field, the role of technological innovation is strategic and fundamental to improve the quality of care.
Among the most relevant innovations, Personal Health Systems (PHS) are a recent concept (late 1990s), that are completely changing the way in which healthcare is provided. They were introduced as further development of health services by exploiting the innovation in science and technology such as the biomedical, micro-and nano technologies, and the innovation in the Information and Communication Technologies (lCT). PHS have been designed to place the individual citizen/patient in the center of the healthcare delivery process. They allow citizens/patients to have more responsibility in managing their own health and interacting, whenever is necessary, with care providers. In doing so, PHS aim to bring benefits to citizens and health authorities alike: first, by improving the quality of care for the individuals themselves; second, by containing the rising healthcare costs through proper and efficient use of technological capabilities [1] .
Wearable Biomedical Systems (WBS) are a specific category of PHS: in particular, they can be defined as integrated systems on a wearable platform (in the sense of clothing or devices attachable to the human body) and can offer solutions for continuous monitoring by measuring non invasive biomedical, biochemical and physical parameters. Continuous monitoring with early detection of anomalies has likely the potential to provide patients with an increased level of confidence, which in tum may improve the quality of life. In addition, ambulatory monitoring will allow patients to engage in practicing normal activities of daily life, rather than staying at home or close to specialized medical services. Thus WBS are an ideal platform for multi-parametric non-intrusive monitoring of health status, thus providing a remote primary and secondary prevention. In this way it is possible to obtain the early diagnosis and management of several diseases (in particular cardiovascular and / or respiratory, but also metabolic pathologies and physical rehabilitation), but also to support elderly and disabled people [2] .
WBS are used to measure a variety of biological signals, including heart rate (ECG), electrical cerebral activity (EEG), respiration, blood gases saturation, body accelerations, and many others. For example, in case the necessity is to guarantee a general monitoring of physiological parameters, a good balance between system's complexity and user's compliance might be obtained by a wearable device monitoring I or 2 ECG leads, breathing parameters (rate but also in/expiration times and volumes), and global motion (through one l 3-axial accelerometer).
Up to now, several studies have been conducted to support new services to monitor physiological parameters of people at home during activities of daily living (ADL) [3, 4, 5, 6] . Despite this wide literature of new methods and services, rarely the performance of sensors have been validated by using a standardize protocol. Even if validation has been conducted for motion sensors like MEMS, used to detect movements and in particular falls [7, 8, 9, 10, 11] , we couldn't find any validation study to quantify the performance of wearable sensors.
Nevertheless, textile electrodes to detect ECG signal have been often integrated in wearable systems to have a more complete description of the health status of patients [1, 3, 4] . For these sensors the only validation is generally limited to a qualitative observation of the ECG waveforms to assess a good similarity in terms of shape and temporal patterns with a clinical ECG signal obtained with clinical electrodes and devices.
Standard electrodes for ECG monitoring are a class I medical device and generally are adhesive silver/silver chloride (AglAgCI) electrodes because of its ease of manufacturability. Agi AgCI electrodes are non-polarized electrodes as they allow current to pass across the interface between the electrolyte and the electrode [12] . Non-polarized electrodes are better than polarized electrodes in terms of their rejection of motion artifacts and their response to defibrillation currents. Instead textile electrodes are built of textile yarns with electrical properties: a) Metal yarns, i.e. yarns containing conductive fibers like stainless steel, copper or silver mixed with natural or synthetic fibers; b) Yarns containing electro conductive fibers like polymeric or carbon coated threads [13] .
This paper presents the a structured protocol for textile electrode validation. We compared the performances of ECG textile electrodes with standard Ag/AgCI electrodes not only by looking at the morphological shape of the waveforms of the recorded ECGs, but also by verifying that the diagnostic information is preserved. In order to test our protocol, we employed it on a case study and we assessed the reliability of the textile electrodes under analysis.
II. MATERIALS AND METHODS

A. Experimental protocol and data acquisition
The validation protocol for textile electrodes consisted in 2 phases:
-a laboratory test for measuring the conductivity and the sensing performances of textile electrodes in a fixed setup using a ECG signal generator; -a functional set of experiments in real conditions while the subjects performed a standard ADL using a compact and portable clinical electro-cardiograph (ECGraph).
The first step aimed at assessing the "absolute" sensing capability of the textile electrodes, i.e. without any dependencies on the presence of the subject. The experimental set up consisted in a ECG generator (MiniSim 1000, Netech Corporation, Farmingdale, NY, USA) and a clinical electrocardiograph (Phedra, SXT -Sistemi per Telemedicina, Lecco, Italy). The MiniSim 1000, Advanced MultiParameter Simulator is a powerful, comprehensive patient simulator in a compact case. It is designed to test the performance of patient 170 2 monitoring instrumentation quickly and easily. The ECG generator provides full 12 lead ECG simulation with 14 user selectable rates from 30 to 350 BPM and 14 user selectable amplitudes from 0.15 to 5 mY. Firstly, we recorded the signal by directly attaching the ECGgraph clips to the ECG generator ( Figure 1 ) and by acquiring 10 ECG waveforms, generated using different amplitude and frequency settings; then we repeated the same measures by interfacing a pair of lx1.5 cm textile electrodes (Comftech s.r.i., Monza, Italy) built with polymeric yarns with a silver-based coating and by mounting the standard ECGraph snaps. To compare the two sets of signals we computed the maximum of the normalized cross correlation coefficient, the QRS correlation coefficient and the QRS amplitude ratio. The second phase consisted in an on-field test in which ECG signals were acquired from subjects performing standard ADL. The study was conducted on 10 healthy adults at the Politecnico di Milano, Milano, Italy. 7 men and 3 women participated in the research. The characteristics of the study group are shown in Table 1 . Table 2 During this second phase, the experimental setup consisted of a 5 electrodes configuration to simultaneously record the trunk lead ( Figure 2 ) -which is the preferred one for wearable monitoring applications [14] The two pairs of electrodes were mounted as close as possible to each other in order to have the most similar signal as possible. No skin treatment was adopted both for men and women (neither skin preparation with cleaning solution nor shaving the electrode sites). In order to have the same electrode typology (non-polarized class) a small amount of gel for ECG recordings was placed on the textile electrodes before positioning them onto the body. This operation could be questionable for the comparison; in fact one of the main issues for textile electrode is whether to use gel (usually hydrogel pads could be placed in correspondence of the electrodes, as seen in some previous experiences) or leave dry electrodes. In our experience, a small sweat is produced at the skin-electrode interface, and this phenomenon is accelerated by activity, like stepping or stair climbing. Then the condition is nearly stable. Due to the short duration of laboratory test per subject (see next comma for details), we decided to anticipate this "stable" condition with a drop of gel onto the textile electrodes to have comparable results along the trial and among the trial as well. The clinical ECGraph (Phedra, SXT -Sistemi per Telemedicina, Lecco, Italy) was used to acquire ECG with 128 Hz sampling rate. The device was attached to the trunk of the subject through an elastic belt adjustable according to the dimension of the chest (figure 3). The ECGraph simultaneously records and sends data via Bluetooth to the PC, where the signals are displayed to have a real-time qualitative feedback of the signals quality.
Each trial consisted in a set of ADL epochs to be performed sequentially:
-Standing 30 sec -Stand-to-sit (5 sec), stop, sit-to-stand (5 times) -Standing 30 sec -Stepping 30 sec -Walking 30 sec -Stairs (9 steps), up and down (2 times) -Walking 30 sec -Standing 30 sec -Sitting 30 sec. The duration could seem short but it was previously tested on two subjects that a longer recording during the performance of the same activities lead to constant results. For this reason we focused on 30 seconds recording of steady testing conditions, and we chose to verify repeatability. Three repetitions of the sequence were carried out and recorded for each subject; each trial was followed by a 5 minutes sitting resting time, before starting a new one. In 3 subjects the positions of the electrodes were exchanged to verify absence of differences due to the positioning of the different kind of electrodes. For more clarity, in these subjects the textile electrodes were mounted upper than the standard electrodes with respect to the configuration shown in fig. 2 .
B. Data Analysis
The main purpose of the analysis was to compare the signals acquired using standard electrodes with the ones obtained using textile electrodes. The acquisition protocol was designed in order to acquire simultaneous data with the two different sensor technologies.
As first step, recordings were segmented according to the different protocol epochs (described above) by means of an automatic approach. This allowed a direct comparison of the signals obtained under the same experimental epoch. After that we computed a set of parameters in order to quantify similarity between pairs of corresponding recordings. The parameters were computed on the recordings acquired both with traditional and textile electrodes.
C. QRS detection and evaluation
We proceeded by quantifying their temporal and morphological characteristics. One of the most relevant diagnostic information provided by ECG is represented by heart rate variability, which is the sequence of the temporal inter-beat distance as a function of time. For a reliable and diagnostically significant ECG recording, it is extremely important to avoid distortions in ECG waveform that might cause erroneous interpretation of these physiological data.
The main fiducial point of the ECG waveform is the R peak of the QRS complex, so we proceeded by detecting QRS temporal position. In order to detect QRS, we employed an automatic algorithm previously developed by Fanelli et al. [15] . The approach is based on a cross-correlation template matching approach, which allows the identification of the precise temporal sample in which the R peak occurs. For more details about the implementation of the algorithm, please refer to [15] .
Then, we computed: -The errors in QRS detection, by considering as reference the QRS detection in recordings acquired with standard electrodes; -The average absolute temporal distance (in sample) between the QRS detected in recordings acquired with textile electrodes and the QRS detected in recordings acquired with traditional ones. Every temporal distance over lOOms is considered an error of detection.
-The average value of the ratio between the peak to peak amplitude of corresponding (synchronous) QRSs.
As a further preprocessing step, we removed the signal baseline thanks to a FIR high pass filter (transition band 0.05-1Hz). Baseline removal was a fundamental task to allow a 172 4 correct comparison of signals in tenns of morphological characteristics.
After this step, we computed the nonnalized cross correlation between each pair of corresponding ECG waveforms (one from textile and the other one from traditional electrodes). This task was accomplished in order to evaluate how much the textile electrodes might cause a change in ECG in terms of shape and temporal pattern. Indeed the capacitive coupling of the textile electrodes with the skin might cause an integration of the electronic currents, thus changing the shape of the signal. This undesired condition could be at the basis of wrong interpretation of ECG.
The cross -correlation was computed by using the following equation: (1) where x and y are the two ECG waveform to be compared and N is the number of samples in the signal. In our case, we employed a window 90 samples long centered in the detected QRS (corresponding to 0.7s, the average length of a heart beat in an adult). The nonnalization is accomplished so that the autocorrelations of the signals at zero lag are identically 1. Each protocol epoch is then described by a single cross correlation value, which is obtained as the average value of all beat cross-correlations. 
III. MATH
Results are split in the 2 different set of tests. This test was carried out to verity the reliability of the sensors in providing a signal of an excellent quality, thus suitable for further processing. For this purpose with did not compute derived parameters but we simply verified the correspondence of the acquired signal to the generated one. The 40 recordings (20 for each electrode configuration) were properly coupled and we computed: -the average cross-correlation between corresponding signals; -the average amplitude ratio:
where QRS/e XI is the peak to peak amplitude of the i QRS of the signal acquired using textile electrodes, QRSS1 is the peak to peak amplitude of the corresponding QRS in the signal acquired with direct contact between ECG simulator and the clip of the ECGgraph, and N is the total number of QRS in the recording. The average values of cross-correlation and amplitude ratio for each experimental condition are shown in the following .. Table 6 .a -Averages of RelIabilIty Parameters computed m all the recordmgs and conditions, for all trials (and repetitions) and for all subjects for pooled activities. Table 6 .b -Standard DevIatIOns of RelIabIlIty Parameters computed In all the recordings and conditions, for all trials (and repetitions) and for all subjects for pooled activities.
IV. DISCUSSION
The suggested methodology represents a quick and simple approach which could generally applied to validate systems of acquisition. The availability of proper equipment (ECG signal generator and clinical 2-3 leads ECGraph) is required but the computational procedures are easy to be implemented in computational environments and programs like Matlab©, used in this approach. Moreover, results are easy to obtain and to interpret.
Even if the experimental activity is easy to be performed , it allows the precise quantification of the reliability of the monitoring system in the main tasks of ADL. In fact such a structured protocol could be applied not only to validate simple sensors such as the textile electrodes tested in the proposed example, but also complete systems, including, for instance, portable devices for a global analysis. Therefore this protocol represents a good starting but fundamental step to assess the applicability of these monitoring systems to everyday situations, preventing data loss or corruption by artifacts. With proper adaptation the protocol could be applied to other signals (e.g. EMG, respiration, etc.) or sensors (like MEMS for movements monitoring).
A. Validation of the electrodes with the ECG generator.
The experiment was performed to verify the correspondence in terms of amplitude and shape betweensignal acquired with textile electrodes and the generated one. Even after varying amplitude and frequency of the generated signal, no differences were encountered (average R 2 = 0.9988±0.00041), both in the pattern and in the amplitude of the measured signal The tiny differences could be attributed to measurement noise. Thus this demonstrates the theoretical reliability of the textile electrodes.
B. Validation of the textile vs standard electrodes in real conditions of ADL monitoring.
The second set of test aimed at demonstrating the equivalence between textile electrodes and standard SilverlSilverChloride ones in real conditions. To have a 174 6 similar behavior of the electrodes a small amount of liquid conductive gel for ECG was used before textile electrodes positioning. A big difference is the presence of an adhesive layer for the SilverlSilverChloride electrodes with respect to the textile ones that are simply kept in touch with the body through the pressure exerted by an elastic belt to which they are knitted. For this reason a decrease in perfonnance of textile electrodes is expected for the motion artifacts deriving from the not stable body-electrode contact. The perfonned experimental test could also assess how this effect is relevant and in what conditions (i.e. ADL typologies) this artifact could be significant in real monitoring situations.
Globally, the experiments showed that the acquired signals with the textile electrodes are almost identical to those acquired with the SilverlSilverChloride ones: the average amplitude ratio is equal to 0.992±0.074 (less than 1% decrease in amplitude, not significant) and the average Cross Correlation coefficient is 0.832±0.082. For this second parameter the best performances are shown while the subject is standing (R 2 = 0,911±0.148) while the most critical condition is encountered when the subject is walking (R 2 = 0,750±0.135). In both cases, the variability of these parameters is very small. After watching the video of the tests, we argued that this was due to the oscillations of the device that was placed just over the electrodes. Because of its not minimal weight and dimensions, even small movement might cause a slight detachment of the belt from the body, so decreasing the applied elastic adherence force. Furthermore the electro myographic contribution of the pectoralis muscles could be overlapped to the ECG signal. Despite this electrical signal is at higher frequencies, its amplitude is relevant and could affect both baseline and pattern of the ECG signal. This explains why, while standing and sitting, the standard electrodes gave a better signal quality. However, during the movement (stand to sit, stepping, walking, stairs ascending/descending using also the arms as natural) the best signal amplitude was obtained from textile electrodes that were highly conductive and wet.
However in any condition, the quality of the signals was more than good. To quantify signal quality, we computed the errors in QRS detection and the delay in samples between the time when the R-peak occurred in the signal recorded through the textile electrodes with respect to the time of the same event in the signal acquired with the SilverlSilverChloride ones. Globally the average number of errors in the detection of QRS was 1.836±0.652 on a set of about 38 beats (about 30 sec acquisition duration for each phase at about 75 beats-per minute average heart rate for standing/sitting/walking/sit-to stand activities) that corresponds to a global error of 2.448±0.869%. The delay in the QRS detection was always less than 1 sample except for the stairs ascending and descending; in this case we had the worst results with an average delay of 1.321±2.291 samples. This means that the signals were perfectly synchronized and no pattern modifications were present. Quiet movements or resting situations gave the best and excellent results, as expected. In fact we obtained that, after increasing the intensity of the movement, the error is bigger. For example during stepping, walking and stairs ascending/descending, the number of errors in QRS detection is respectively 2.026, 2.432, and 2.535 ; vice versa when the body is static (standing or sitting) this value decreases at less than 1 (the minimum value is 0.525 while the subject is sitting).
V. CONCLUSION
From the methodological point of view a detailed structured protocol for testing wearable sensors, and in particular textile electrodes, have been proposed and applied in monitoring ADL. This scenario represents the next future challenge to be achieved in developing new healthcare services and models. The method and the related experimental activity was easy to be implemented and carried out. Quantitative and effective parameters of reliability were computed to quantify the similarity and correspondence between standard and innovative monitoring solutions.
Also important suggestions were elicited by this work. In fact, the results obtained in this research work suggested that there was no significant difference between the two different typologies of textile and Agl/AgCI electrodes. However specific attention should be taken into account while monitoring movements including arms motion (the EMG activity of the pectoralis muscles could affect the signal in amplitude and in high frequencies) and artifacts due to change in sensors adherence could be noticeable in the signal pattern.
This study was conducted on a single sample of silver-based textile sensors in a given but standard and common configuration (trunk lead and textile electrode with thin layer gel for electrical skin coupling): other materials and other configuration will be now tested for a wider and exhaustive validation of sensors typologies and materials.
